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Space and water heating accounts for about 40% of final energy consumption in the European Union and
thus plays a key role in reducing overall costs and greenhouse gas emissions. Many scenarios to reach
net-zero emissions in buildings rely on electrification, but meeting the heat demand peaks in the winter
can be challenging, particularly when wind and solar resources are low. This paper examines how to
mitigate space heating demand peaks most cost-effectively in a top-down, sector-coupled model with
carbon dioxide emissions constraint to be net-zero. It introduces the first model that co-optimises both
supply and efficiency simultaneously including all European countries with hourly resolution. The
competition between technologies to address these heating peaks, namely building retrofitting, thermal
energy storage and individual hybrid heat pumps with backup gas boilers is examined. A novel thought
experiment demonstrates that the level of building renovation is driven by the strong seasonal heat
peaks, rather than the overall energy consumption. If all three instruments are applied, total costs are
reduced by up to 17%. Building renovation enables the largest benefit with cost savings of up to 14% and
allows individual gas boilers to be removed from the energy system without significant higher costs.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
A major part of the EU's final energy consumption is used to
supply heat in buildings. In 2018, 75% of this energy was delivered
by fossil fuels, generating 36% of the EU's total CO2 emissions [1,2].
A structural change of the heating sector is needed not only to avoid
environmental impacts caused by emissions, but also to address
social challenges such as affordable heating and health of the res-
idents. Furthermore a transition to renewable technologies could
mitigate dependencies on fossil fuel imports. The literature on the
heating transition is now reviewed, with a focus on important gaps
that are addressed by the present paper.
Numerous studies have already examined how to transform the
heating sector. Most of them identify as key factors large-scale
electrification [3e5] and a stronger coupling between the sectors
electricity and heat [6]. In an energy system highly based on
renewable sources, this transition raises new challenges [7]. A key
issue is the weather dependency of both thermal supply and).
ier Ltd. This is an open access articdemand through an increased electrification. On days with cold
temperature, calm wind and low solar radiation (so called ‘cold
dark wind lulls’), the space heating demand is high while the feed-
in of wind and solar, as well as the efficiency of air-sourced heat
pumps, is low. Furthermore, the heating demand of buildings
compared to the other sectors electricity, transport and industry, is
more seasonal and possesses stronger peaks. Several studies [3,8]
have determined the increase in heat peak demand. But, despite its
importance, none of these studies has quantified the costs and
impacts on system design of these heat demand peaks in a sector-
coupled European model. The European perspective is important,
because energy markets are already strongly coupled internation-
ally, and a cross-sectoral perspective is necessary to understand, for
example, the impact of heat pump demand on electricity supply.
To enable the decarbonisation of the heating sector, renovation
of buildings is widely considered as a key factor. About 75e90% [9]
of the current building stock is still going to be used in 2050, and
therefore it is necessary to renovate the existing houses. As part of
the European Green Deal [10], the EU has called for a renovation
wave, setting as goal to at least double the current renovation rate
of 1% of buildings per year to decarbonise the residential and non-le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. The European 48-node model with the electricity transmission network, based
on existing network capacities (see section 2.1).
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demand saving through building renovation has been carried out
on a national level for Germany by Henning et al. [4]. They find 50%
savings in space heat demand to be cost-optimal. On a European
level, several authors [13,14] see 30e50% of space heat demand
reduction. However, the existing studies do not capture the role of
renovation at the European level because they are limited to either
individual countries, the residential sector or exogenous assump-
tions about energy supply costs or the extent of building renova-
tion. Given the strong impact that renovations have on the shape of
demand curves, such demand-side measures should to be co-
optimised with supply options.
Hybrid heating, i.e. the use of multiple heating technologies in a
building, has been identified as a further tool for balancing peak
demands. Clegg et al. [15] find for the UK with an assumed 75% CO2
emissions reduction, that hybrid heating technologies can reduce
generation peaks by 24%. Thermal energy storage (TES) is also
regarded as an important component to allow the transition of the
heating sector [16]. Hedegaard et al. [17] analyse the cost and peak
shaving benefits of flexible heat pump operation with thermal
storage in Denmark. Malley et al. [18] show in the case of Ireland
that TES can bridge the so called ‘cold dark wind lulls’ and enable
higher feed-in of wind. Previous work is limited to single countries
and does not capture the competition between hybrid heating,
thermal storage and building efficiency. In a European model
Brown et al. [19] and in a global model Boganov et al. [5] show that
TES can be used as a long-term seasonal storage in district heating
networks and as a short-term individual storage to smooth peak
demand and thus reduce overall costs. However, these studies do
not include demand-side efficiency measures to examine how they
would compete with supply-side and storage options.
The present paper directly tackles the gaps in the literature
identified in the previous paragraphs. In contrast to the prior
literature, this paper addresses the decarbonisation of building
heating, and the particular problem of ‘cold dark wind lulls’, by
explicitly modelling the competition between investments in
heating electrification, hybrid heating with backup gas boilers,
building renovation and thermal storage in a European systemwith
net-zero CO2 emissions. We introduce the first model that co-
optimises supply-side options and efficiency measures in build-
ings with country-level resolution and hourly modelling. This co-
optimisation is important: models that assume exogenous energy
prices miss how the energy supply can adapt to the new demand
profile, while models that assume exogenous efficiency measures
may arrive at sub-optimal combinations of supply and efficiency
measures. The important synergies between the sectors are incor-
porated by applying a fully sector-coupled model, including elec-
tricity, heat for buildings and land transport. Building renovation is
modelled top-down and considers both the residential and the
often neglected service sector. Costs and energy-savings are
determined based on country-specific (and not just climate-zone
specific [20,21]) characteristics. To identify the systemic impor-
tance of seasonal heating peaks, we introduce a novel thought
experiment that compares the impacts and costs of these peak
demands to a heat profile with no seasonal variations. The
robustness of the results is analysed using a sensitivity analysis
with regard to different historical weather years and the costs of
building renovation.
These model innovations allow us to address the following
important research questions regarding the decarbonisation of the
heating sector:
 How do building retrofitting, thermal energy storage (TES) and
individual hybrid heat pumps with backup gas boilers compete
to meet heat demand peaks?2
 What effect does this competition have on carrier composition
and costs?
 To what extent do heat demand peaks influence the costs and
design of a highly-renewable European energy system?
By answering these questions in a co-optimised cross-sectoral
European model, we can for the first time capture important in-
teractions and synergies between demand and supply, between
sectors, and in international energy trading.
2. Methods
In the first part of the Methods section (2.1), we introduce the
overarching sector coupling model PyPSA-Eur-Sec. Secondly, we
describe in more detail how we model demand (2.1.1) and supply
(2.1.2) in the heat sector, which is the focus subject of our analysis.
In the final part (2.1.3), we outline how the country-specific costs
for space heat demand savings are determined.
2.1. Model description
We use the least-cost capacity expansion model PyPSA-Eur-Sec
presented in Ref. [19] which represents a comprehensive sector
coupling approach (electricity, heating and land transport)
including high resolution in space and time. The model is con-
structed to represent a net-zero CO2 emissions target, corre-
sponding to European policy, for the year 2050. It is based on the
free framework Python for Power System Analysis (PyPSA) [22] and
the open optimisationmodel for the European transmission system
PyPSA-Eur [23]. It is important to cover the whole of Europe, since
the supply of energy is strongly affected by energy trading between
countries. The model has at least one node for each country in the
interconnected European electricity system. Large countries like
Germany and France have more nodes to represent country-
internal grid bottlenecks. For the simulations we chose a total of
48 nodes for Europe (see Fig. 1) as a compromise between repre-
senting grid bottlenecks while maintaining computational
tractability.
Total costs are minimised applying linear optimisation to reach
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socio-economic constraints. It includes electricity generation
(rooftop and utility solar photovoltaic (PV), onshore wind, offshore
wind, methane), storage (battery, hydrogen, methane, thermal
storage in hot water tanks, carbon dioxide), heating in buildings
(heat pumps, resistive heater, combined heat and power plants
(CHP), solar thermal collectors, building retrofitting), energy con-
verters (electrolysis, methanation, steam methane reforming
(SMR)) and grid (electricity transmission and distribution,
hydrogen, methane, biomass transport). These are all subject to
siting and capacity optimisation. CO2 emissions are limited to be
net-zero. All the considered technologies with their corresponding
costs and conversion efficiencies are takenwhere possible from the
Danish Energy Agency (DEA) [24].
Each of the 48 nodes consists of individual ‘buses’. These ‘buses’
represent the different energy carriers, namely electricity (sepa-
rated into transmission and distribution), heat (divided into one
bus for district and four buses for individual heat networks split by
sector and population density), transport, hydrogen, methane and
biomass (see Fig. 2). Energy can be transferred within one node
through connectors (for example, electricity can be converted into
hydrogen through electrolysis). Energy (transport) networks for
electricity, hydrogen, and methane transmission as well as biomass
land transport connect buses of the respective carrier between
nodes.
Over one year of hourly operation, total annual costs are mini-
mised. The total costs consists of fixed and operational costs. Fixed
annualised investment costs cn;s of the energy capacities En;s, power
capacities Gn;s and cl inter-connector capacities Fl are considered.
Operational costs ot are defined for power dispatch through gen-
eration and storage gt , as wells as power flow through inter-
connectors ft at every time step t. The objective function with


















35: (1)Fig. 2. Overview of the sector-coupled model PyPSA-Eur-Sec. Each region is repre-
sented by a node which in turn consists of different ‘buses’ that represent different
energy carriers (e.g. hydrogen). Energy can be converted between the buses (e.g. by
hydrogen electrolysis). Further details are given in section 2.1.
3
The energy demand dn;t at each bus nmust bemet at each time t






al;n;t,fl;t ¼ dn;t 4ln;t cn; t; (2)
where al;n;t represents the flow direction and connector efficiency
hl;t . It is al;n;t ¼ 1 if l starts at n and al;n;t ¼ hl;t if l ends at n. The
Karush-Kuhn-Tucker (KKT) multiplier l represents the market
price of the energy carrier at bus n and hour t. Electricity and
transport demand are assumed to be completely inelastic. Heat
demand can be reduced by retrofitting the thermal envelope of
buildings. Renovation measures are modelled like a supply tech-
nology with heat output gn;retro;t which reflects a constant fraction
rn2½0; rn;max of the time-varying space heat demand dn;t at the bus
n
gn;retro;t ¼ rn,dn;t : (3)
For instance, if in the cost-optimal case the space heat demand
dn;t is reduced by 20% through renovation measures, rn ¼ 0:2 and
gn;retro;t represents the space heat saved per hour. The costs for
retrofitting the thermal envelope are included in the objective
function (equation (1)) as the efficiency measures are modelled as
generators with fixed costs per heat saving. The assumed costs for
retrofitting the thermal envelope with corresponding maximum
energy savings rn;max which depend on building stock and sector,
are further described in section 2.1.3.
The objective function (equation (1)) is subject to the following
additional constraints which are introduced in detail in previous
papers [19,23]: (i) technical and geographical limitations on
maximum capacities for generators, storage and transmission, (ii)
the availability of renewable generation at each bus and time based
onweather data, (iii) storage consistency equations, (iv) constraints
on the active linearised power flow and (v) net-zero carbon dioxide
emissions.
The model has been comprehensively introduced in Ref. [19]
and further information are given in the supplementarymaterial. In
the following only the newly developed features for this study are
addressed.
2.1.1. Heat demand
Low-temperature space and water heating is considered,
distinguished into two sectors: residential and services. The in-
dustrial sector is not included and the required energy for cooking
is incorporated in the electricity demand. Total annual load per
country is based on data provided by ‘Integrated Database of the
European Energy System’ (JRC-IDEES) [25], Eurostat [26] and
additional statistics for Switzerland [27] and Norway [28].
Regarding countries with missing data for space and water heating,
the average share based on the other countries is assumed. The
overall heat demand per country is distributed spatially weighted
by population density and temporally by creating time-series based
on ambient air temperature and typical end-user behaviour.
Spatial disaggregation: Heat demand is spatially distributed
within a country weighted by the population density. At each node
a distinction is made between rural and urban areas. Such a
distinction is chosen since different heating systems are present in
the corresponding region (e.g. CHPs in urban district heating net-
works). This is done by calculating the population density at NUTS3
level. For each country, starting with the NUTS3 region with the
lowest population density, all regions are counted as rural until the
country-specific proportion of the population living in rural areas is
reached. The remaining NUTS3 regions with higher population
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to the 48 nodes and the ratio of the population in rural and urban
areas per bus is calculated. Urban areas are further subdivided into
regions with individual and district heating, according to today's
district heating share [29] of the corresponding country. Losses in
the district heating system are considered to be 15% [30].
Temporal disaggregation: The time series of space heat de-
mand are determined in two steps. First, diurnal profiles are
calculated by applying the degree day approximation to every re-
gion using daily averaged ambient air temperature data from
ECMWF ERA5 [31] and a threshold T thres ¼ 15o Celsius. Second, to
reflect typical end-user behaviour, hourly patterns from ‘Bundes-
verband der Energie-und Wasserwirtschaft’ (BDEW) [32] are used
which vary by sector (residential or service) and by weekday
(working day or weekend). The resulting hourly resolved load
profile is scaled to the total space heating demand of the respective
region. Hot water demand is assumed to be constant during the
year.
2.1.2. Heat supply
Thermal demand can be met by the following four types: (i)
power-to-heat (heat pumps, resistive heater), (ii) gas-to-heat (CHP,
gas boiler, fuel cell) using synthetic gas, upgraded biogas or
hydrogen, (iii) solar thermal collectors and (iv) solid biomass-to-
heat in district heating networks (CHPs) (see Fig. 3).
Heat pumps of two categories are considered: ground-sourced
brine-to-water heat pumps, which are restricted to rural regions
due to land requirements and air-to-water heat pumps useable in
areas with high population density. Heat pumps have a poorer ef-
ficiency with lower ambient temperatures. This relationship is of
particular relevance (since the heat demand rises with colder
weather) and can be expressed by the coefficient of performance
(COP). The COP time-series are calculated by relations from
Ref. [33]. They depend on ambient and sink water temperature,
which is set to Tsink ¼ 55oC [34].
CHP powered by synthetic gas, upgraded biogas or solid
biomass, as well as fuel cells operating with hydrogen can only
supply heat in regions with district heating. Heating via gas in
decentralised systems can be provided by either gas boilers or
micro CHPs. Fossil fuels and imports are not considered in this
study. Therefore synthetic gas and hydrogen have to be obtained by
methanation or electrolysis within Europe. Two different metha-
nation processes are modelled: the Sabatier and the ‘IntegratedFig. 3. Heat can be supplied either biomass, solar thermal collectors, gas (hydrogen,
methane) or power-to-heat. At each node, the demand is split by high and low pop-
ulation density (urban and rural). Urban areas are further divided into district heating
(DH) and individual heating. Further details are given in section 2.1.2.
4
High-Temperature Electrolysis and Methanation for Effective Po-
wer to Gas Conversion’ (HELMETH) process [35]. In the Sabatier
process, hydrogen (H2) and carbon dioxide (CO2) react exothermi-
cally to methane (CH4) and water (H20). The used hydrogen must
first be produced by electrolysis. The HELMETH process combines
these two steps by using the heat of the exothermic methanation
reaction in a steam electrolysis to generate hydrogen.
Thermal energy storage (TES) in the form of water tanks is
available as a seasonal storage (t ¼ 180 days) in urban areas with
district heating, while in decentralised heated regions there is only
short-therm storage (t ¼ 3 days). t represents the time constant of







2.1.3. Retrofitting of the thermal envelope of buildings
Renovation of the thermal envelope reduces the space heating
demand and is optimised at each node for every heat bus. We
consider renovation measures through additional insulation ma-
terial and replacement of energy inefficient windows. In a first step,
costs per energy savings are estimated. They depend on the insu-
lation condition of the building stock and costs for renovation of the
building elements. In a second step, for those cost per energy
savings two possible renovation strengths are determined: a
moderate renovation with lower costs and lower space heat sav-
ings, and an ambitious renovation with associated higher costs and
higher efficiency gains. They are implemented into the sector
coupling model through stepwise linearisation (see Fig. 4). In this
study, heat supply technologies, thermal storage and prices for
energy supply are optimised and not part of the energy savings cost
functions.
First, costs per energy savings are calculated based on country-
specific characteristics of the building stock, taking into account age
and building types, current energy efficiencies and heated floor
areas [36,37]. The buildings are categorized in the following
groups:
 9 building categories:
3 residential: single family house, multi family house, apart-
ment blocksFig. 4. Overnight costs for retrofitting of the thermal envelope of buildings per m2 for
energy savings including the residential and the service sector. The costs of all
investigated countries are shown in the background to illustrate the scope. Especially
highlighted are the curves of Sweden (SE), Germany (DE) and Bulgaria (BG), with the
highest costs for retrofitting in Sweden, followed by Germany and Bulgaria. In the
optimisation these curves are linearised in two steps (e.g. hashed line for Germany),
see section 2.1.3.
E. Zeyen, V. Hagenmeyer and T. Brown Energy 231 (2021) 1207846 service: offices, trade, education, health, hotels and restau-
rants, other service buildings
 7 construction periods: before 1945,1945e1969 and then in ten-
years intervals until today
The space heating demand is calculated based on the seasonal
method for energy performance of buildings EN ISO 13790 [38] (see
the supplementary material for further details). It is composed of
the total heat losses (including losses by ventilation, thermal
bridging and heat transfer) and the heat contributions (by solar
radiation and internal heat gains). The heat savings DEn at node n
are calculated by the ratio of space heat demand after and before
the refurbishment (e.g. DEn ¼ 0:6 corresponds to 40% space heat
demand savings). U-values, which measure how well a building
element is insulated, and heated floor areas are used from the
hotmaps project [36] and the EU buildings database [37]. Typical
building topologies with corresponding standard values are taken
from TABULA [39]. The ratio for additional insulation material be-
tween roof, floor and exterior wall is fixed determined by averaged
monitored rates in Ref. [40]. Thereby, they depend only on one
common variable dL. The additional insulation material dle [m] for a
single building element e2 [roof, floor, wall] is then composed of
the common variable dLweighted by the proportional expansion fe.
Poorly insulated windows are replaced with double glazing in the
moderate case and triple glazing in the ambitious case. The corre-
sponding costs cretro are composed of fixed costs cfix and variable
costs cvar depending on the amount additional insulation material






ce;fix þ dle , ce;var

þ cwindow: (4)
In the second step, the resulting cost per energy savings are
stepwise linearised (see Fig. 4). The refurbishment measures are
modelled with an additional supply technology at bus n as
described in equation (3) with above defined costs and a maximum
heat output of rn;max ¼ ð1  DEnÞ. The moderate and ambitious
retrofitting corresponds to averaged space heat demand of
respectively 40% and 20% of the unrenovated state and average
costs of 157 EUR/m2 and 224 EUR/m2. The costs for renovating the
single components and their corresponding lifetime are taken from
Ref. [41].2.2. Scenarios
In the first part (section 3.1), we focus on instruments that
reduce the impact of peak heat demands. We consider the three
compensating elements: building retrofitting, TES and individual
hybrid heat pumpswith backup gas boilers. In order to analyse both
the individual and the combined effects, all eight possible combi-
nations of these three tools are presented. They range from a
complete flexible scenario including building renovation, TES and
individual gas boilers to a rigid one without any balancing ele-
ments (see Table 1). In the second part (section 3.2) we examine to
what extent the peakedness of the heat profiles determines the
technology mix as opposed to the over energy demand. In a
thought experiment, the total heat demand is distributed evenly
over the entire year instead of having a time-varying profile, in
order to assess the impact of the profile shape versus the yearly
heat demand.5
3. Results
3.1. Balancing peak demands with building retrofitting, thermal
energy storage (TES) and individual gas boilers
In the following section effects on total system costs and tech-
nology composition of the three balancing instruments: retrofitting
of the thermal envelope of buildings, thermal energy storage (TES)
and individual gas boilers as backup for heat pumps are compared.
All eight possible scenario combinations of those three are pre-
sented. They range from a completely flexible scenario including
building renovation, TES and individual gas boilers to a rigid sce-
nario without any of the three elements. No further expansion of
the electric transmission grid is considered.
3.1.1. Costs
Overall costs decrease from 751 to 622 billion Euro per year as
the number of available instruments for balancing peak demand
increases (see Fig. 5). Building efficiency improvements have the
strongest leverage with up to 104 billion Euro savings per year. The
availability of individual backup gas boilers has a more modest
impact. In scenarios without building renovation, these provide a
6% overall cost reduction. If retrofitting of the thermal envelope is
in place, its availability barely affects the overall costs. In this case,
the gas distribution network to buildings can be removed and parts
of the existing transmission network could be converted to the use
of hydrogen for industrial processes or as back-up for electricity.
TES have the smallest effect on total system costs. Their presence
leads to a maximum reduction of 3%.
3.1.2. Thermal supply
Depending on the scenario, between 2113 TWh in scenario
flexible and 4379 TWh heat in scenario tes are supplied to build-
ings. The scenario tes has a higher heat demand than rigid because
of losses in storage. The largest part, 75e95%, is generated from
electricity (heat pumps, resistive heater), 4e24% from gas (gas CHP,
gas boiler, fuel cell heat) and 1e3% from biomass (solid biomass
CHP). Solar thermal generators are included, but are hardly used
(maximum 4 TWh). The balancing instruments reduce energy de-
mand by up to 51% and peak capacities by up to 55%. Of the three
balancing options considered, efficiency improvements in the
building sector have the greatest impact on peak capacity reduction
(see Fig. 6). In sum, between 44 and 51% of the space heat demand
(36e42% of total heat demand including hot water) are saved. TES
increases overall generation, but decreases peak capacities of gas
boilers. If individual gas boilers are missing, their supply is mainly
replaced by heat pumps and at peak demands by resistive heater
(see Fig. 7).
In areas with individual heating, the major part of thermal
supply is provided by heat pumps while gas boilers and resistive
heaters are used as back-up capacity for peak demand. Thermal
supply is most expensive in urban individual heated areas. Mar-
ginal prices based on the KKT multiplier l from equation (2) vary
between 106 and 138 V/MWhth, compared to rural ones with
90e108V/MWhth. This difference between rural and urban areas is
caused by the use of air-sourced instead of ground-sourced heat
pumps in urban areas due to land restrictions. Compared to
ground-sourced heat pumps, their efficiency depends on the
outside and not on the more stable ground temperature and thus
correlates more strongly with the heating demand. Especially on
cold days the efficiency is lower than that of ground-sourced heat
pumps. This leads to a higher contribution of gas boilers to indi-
vidual heat supply in urban than in rural areas. Retrofitting of the
thermal envelope is particularly advantageous due to the high costs
for heat supply. TES are used to smooth daily peaks. Their
Table 1
Properties of the presented scenarios.
scenario building retrofitting thermal energy storage (TES) individual gas boilers heat demand profile
flexible ✓ ✓ ✓ ✓
retroþigas ✓ 7 ✓ ✓
retroþtes ✓ ✓ 7 ✓
retro ✓ 7 7 ✓
igasþtes 7 ✓ ✓ ✓
igas 7 7 ✓ ✓
tes 7 ✓ 7 ✓
rigid 7 7 7 ✓
flexible-evenload ✓ ✓ ✓ 7
rigid-evenload 7 7 7 7
Fig. 5. Total system costs for the 8 different combinations of the 3 balancing tools:
building retrofitting, thermal energy storage (TES) and individual gas boilers. Building
retrofitting (4 left scenarios in the graph) reduces overall expenses by up to 14%. TES and
individual gas boilers, especially in the absence of building renovation, contribute to
cost savings of up to 3% and 6% respectively. If building retrofitting is included, the
availability of individual gas boilers has no major effect on total system costs (details in
section 3.1).
E. Zeyen, V. Hagenmeyer and T. Brown Energy 231 (2021) 120784maximum capacity is reduced by up to 58% if building retrofitting is
in place.
In areas with district heating the technology mix is more
balanced. Heat is mainly supplied by fuel cells, resistive heaters and
CHPs (solid biomass and gas). In scenarios without building retro-
fitting or TES air heat pumps also cover up to 10% of the supply.
There is less building renovation with district heating compared to
decentralised systems. This is caused by the possibility to install
technologies on a large scale instead of individual solutions which
results in lower marginal prices of on average 41 V/MWhth.
Therefore the reduction in generation is less pronounced. The
largest fraction of TES is installed in areas with district heating
(85e95% of the total energy capacity) since there they can be used
as seasonal storage. The lack of individual gas boilers also indirectly
influences the technologymix in the district heating network. Their
absence leads to higher electricity prices, marginal prices increase
for scenarios without individual gas boilers by on average 46
V/MWh (with retrofitting) and 13 V/MWh (without retrofitting)
and reduce the use of heat pumps.
Geographically, the amount of saved space heat differs strongly
between countries (see Fig. 8). The strength of building renovation
depends on the interplay between the costs of refurbishment and
those for energy supply during the heating season. The cost of
refurbishment is based on the country-specific building stock
characteristics and expenditure on labour and taxes. They are for
example low in Romania, Slovakia and Poland, where more than
60% of the heat demand is saved. Electricity supply prices are
higher in winter months and are especially high on weather events
with cold dark wind lulls (see Fig. 9). In countries with high elec-
tricity costs like Belgium, Switzerland and Hungary heat savings of
more than 54% are attractive despite high renovation costs. As a
large part of the heat sector is electrified, the rate of building
renovation also depends on the technology mix of electricity gen-
eration in each country. The seasonal generation from wind is
better suited to peak heat demand in winter months than solar PV.
Countries with a large share of wind generation, such as Great
Britain, Denmark or Portugal, have cheaper electricity inwinter and
therefore a lower renovation as a result.
3.1.3. Electricity generation and storage
Electricity is generated mainly from renewable energies (solar,
wind and hydro power), and to a minor extent of 3e8% from dis-
patchable power plants using renewable gas (CHP, OCGT). Wind
and solar contribute the largest share of electricity generation with
90e95%. While renovations in buildings and individual gas boilers
reduce the total generation from 6725 TWh down to 4982 TWh,
TES increases the electric supply due to losses in storage. In sce-
narios including retrofitting, peak capacity in the electricity dis-
tribution network is reduced by 30%.
The more balancing instruments are in place, the less installed
wind and solar power is needed and capacity decreases by up to
26%. Onshore wind declines particularly strongly in scenarios
including building retrofittingwith a decrease of up to 39% from the
rigid to the flexible scenario, while solar rooftop is increasing with
a plus in installed capacity of up to 29%. The particularly sharp
decline in onshore wind and growth in rooftop PV is caused by the
seasonality of both demand and generation. The heat demand is
high in winter because of increased space heating needs, while
during this period the feed-in of solar is lower and the potential of
onshore wind is higher. Supply of solar is therefore more profitable,
if demand peaks in winter are reduced. This reduction of onshore
wind capacity of up to 640 GW through building renovation, is not
only more cost-efficient but also avoids problems of social accep-
tance of further onshore wind farms. In scenarios including build-
ing renovation, up to 30% less electricity is fed back into the
distribution grid through V2G. In the presence of TES, onshorewind
capacities increase. The variability of onshore wind generation can
be better smoothed out by pre-heating the buildings at times of
Fig. 6. Installed peak capacities and thermal supply in rural areas and urban areas with individual heating and with district heating for 8 different scenarios ranging from a rigid one
(far left) with no balancing instruments to a flexible scenario (far right) which includes building renovation, TES and individual gas boilers (details in section 3.1.2).
Fig. 7. Example week of thermal supply at one node in South-West France for different heating systems (rows) and scenarios (columns). Peak heat demands are covered with backup
gas boilers for individual heating in scenarios where these are available and no building retrofitting is in place (scenario igasþtes), especially in urban individual heated areas. TES is
used in all scenarios (here shown igasþtes and flexible) where these are in place to smooth peak demands. Strong heat demand savings are found for individual heating, but no
renovation of the thermal envelope at this node in urban areas with district heating (details in section 3.1.2).
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capacities of battery storage by up to 56%.
3.1.4. Hydrogen and methane
In scenarios including renovation of the thermal envelope, the
need for back-up hydrogen and methane is significantly reduced.
The balancing elements reduce hydrogen production from 1067 to
498 TWhH2 , synthetic methane from 728 to 95 TWCH4 and the
conversion of hydrogen to electricity from 245 to 120 TWhelec.7
The use of hydrogen depends on the installed onshore wind
power and the space heat demand in buildings. Higher wind ca-
pacities result in a larger surplus of electrical energy at favourable
weather conditions with low demand, which can be used in the
electrolysis for conversion into hydrogen. Therefore the capacities
of electrolysis and fuel cells are highest in the presence of TES and
in the absence of building renovation with 453 GW and 161 GW
respectively.
The total methane demand for gas boilers, gas CHP and OCGT
Fig. 8. Total heat demand saved per country in the scenario flexible with all balancing
instruments. Heat savings depend on the combination of both the country-specific
costs for refurbishment and the costs for energy supply during the heating season
(further details in section 3.1.2).
Fig. 9. Marginal prices for electricity obtained from the KKT multipliers weighted by
load for the different countries in the rigid and flexible scenario. Retrofitting strength
depends on the prices for electricity since large part of the heating sector is electrified.
The electrification of the heating sector is also reflected in the marginal prices of
electricity during the year which are higher in winter months (further details in sec-
tion 3.1.2).
Fig. 10. Balance of the gas demand (for OCGT, gas boiler and gas CHP) supplied by
methanation processes (Sabatier, HELMETH) or upgraded biogas. Gas demand is
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tions, by an average of 48%, TES enables a reduction of 17% and the
absence of individual gas boilers of 7%. The minor reduction in gas
demand in the absence of individual gas boilers can be explained by
the increased use of OCGT (see Fig. 10).
In all scenarios, the full potential of upgraded biogas, 352 TWh,
is exploited. The rest is met by synthetic gas from a methanation
process. The Sabatier process is used in all scenarios but the8
installed capacities are decreasing by up to 82% in scenarios
including retrofitting. The HELMETH process, which combines
energy-efficiently the two steps of first converting electricity into
hydrogen and second hydrogen into methane, is only used in sce-
narios without building renovation with maximum installed ca-
pacity of 56 GW. The lower use of HELMETH is caused by higher
investment costs compared to the Sabatier process therefore the
HELMETH process needs more full load hours to be built.3.2. A thought experiment - peak vs. constant heat load
A thought experiment is discussed in this section which serves
to illustrate the effects of peak demands on overall costs and system
composition, though is not intended to be a realistic scenario.
Instead of using time-varying load profiles, annual thermal demand
is distributed evenly over the entire year. Thus the total amount of
heating demand over the year is the same, but there is only a
constant heat profile without the winter peak. This allows us to
distinguish between measures that are implemented to reduce
overall energy demand, and those that purely serve to reduce the
peak.
Total costs decrease between 18 and 30% compared to scenarios
with load profile (see Fig. 11). This reveals that up more than a
quarter of the entire costs of the three sectors heating, electricity
and transport, are generated by heat peak demands. With a con-
stant heat demand distributed throughout the year, there is barely
any building renovation, TES energy capacities are decreasing by up
to 75% and no gas boilers are used in rural areas. Scenarios which
include varying balancing tools share similar costs and system
compositions in the case of a constant load. It underlines that the
considered instruments (building efficiency, thermal energy stor-
age and individual gas boiler) are primarily used to balance thermal
peak demands rather than reducing energy demand. In case of a
constant heat demand, their usage is strongly reduced and their
availability does not lead to a significant difference of system costs
and design (see Fig. 12).
Thermal supply of a constant load is covered to a greater extent
by heat pumps. In turn the share of heating supplied by gas boilers,
resistive heaters and CHPs declines by 7%, 5% and 1% respectively. In
densely populated areas the supply of heat pumps increases by
14e17%, in rural areas they cover all demand. As the heat sector is
fully electrified in rural areas, a gas grid in these regions is redun-
dant. The amount of heat provided by fuel cells lies at around 6% for
all scenarios and depends on the proportion of installed onshore
wind power rather than on the heat load profile. Buildingalmost halved by building retrofitting (see section 3.1.4).
Fig. 11. Total system costs of scenarios with an assumed flat heat demand (two left)
and with heat demand profile (two right). Costs with a constant load during the year
are up to 30% lower (see section 3.2).
Fig. 12. Thermal supply in Europe during the year for scenarios with time-varying heat
demand and for the two thought experiment scenarios with a heat demand as a
constant load. The saved space heat demand (purple) is decreasing by 6e8% space heat
savings in the case of a constant heat demand. This shows that building retrofitting is
mostly important to smooth demand peaks and not to reduce overall energy demand
(further details in section 3.2). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Depending on the scenario, 6e8% of the space heat demand are
saved (compared to 44e51% with a thermal profile), mainly in
Eastern European countries. Renovation of the building stock is
thus primarily required to manage the peak load and not to reduce
total energy demand. TES drops to about 7.8 TWh in all scenarios,
which corresponds to a reduction of 56e75%. This indicates that a
large part of the storage capacity is used to balance the fluctuating
demand and not to compensate the variable renewable generation.
The composition of installed solar and wind capacities is similar
in all scenarios and adds up to about 3 TW without transmission
expansion. Solar, especially rooftop PV systems, is favoured in case
of a base load with a capacity increase of 14e24% (rooftop PV of
30e47%) compared to the scenarios with a heat load profile. The
upswing of solar is caused by the absence of any seasonality in heat
demand. Typically, thermal load is high in winter when the po-
tential for solar system is low. PV becomes more advantageous if
heat demand is reduced in winter times (as in scenarios including
retrofitting and TES) or even remains constant over the entire year
(as in this thought experiment). Offshore wind capacities stay
constant and are independent of the heat load profile. Onshore
wind capacities do not follow such a clear trend. Installed onshore
capacity increases in scenarios including building retrofitting by up
to 10%, while in the others it decreases by up to 66%. This indicates
that with a steady load, onshore wind farms are more competitive
compared to efficiency improvements in the building sector. Bat-
tery and hydrogen storage depend on the installed capacity of
respectively solar andwind power. As the proportion of solar power
is higher in all cases, battery capacity rises by 40e45%.9
4. Discussion
4.1. Comparison to literature
Consistent with other studies [3,8], our results show an increase
in electricity peak demand when buildings are decarbonised. In
particular, cold, windless days pose a challenge and rise total sys-
tem costs, as Staffell et al. [8] have shown for Great Britain. Our
results support Staffell's statement that a high temporal resolution
of demand and supply is necessary in order to capture the challenge
of these heat peak demands. This study further expands our
knowledge by quantifying the costs and effects of these challenging
heat peaks in a European system.
Malley et al. [42] investigated for Ireland, as well as Ashfaq et al.
[43] for the Danish city Aarhus, that TES allows a higher wind-feed
in. The same effect is evident in our European model. In agreement
with Hedegard [17], our results indicate that additional thermal
storage allows the flexible operation of heat pumps and thus leads
to a cost decrease as well as a reduction of the necessary peak ca-
pacities. However, with cost savings of a maximum of 3%, these
advantages are significantly lower in our results than the findings
from Hedegaard. This could be caused by the additional flexibility
of coupling different sectors and the possibility to balance chal-
lenging weather events spatially. In addition, we capture the
competition of several balancing instruments.
In this study peak capacities are reduced significantly more by
hybrid heat pumps with backup gas boilers or building efficiency
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with findings of Eggimann et al. [44] for the UK. In this work, four
scenarios were examined with different levels of electrification and
fuel switching. It is shown consistent with our findings that the
combination of building renovation and the use of gas-to-heat can
reduce heat peak demand. Chen et al. [45] find for Northern Europe
the use of hybrid heat pump with backup gas boilers for individual
heating during peak demands advantageous if carbon-neutral gas
is available. In contrast to Eggimann et al. and Chen et al., in this
study the increase in building efficiency is co-optimised. We can
thus also determine the cost-optimal balance between hybrid heat
pumps and investments in building renovation.
Building renovation is found in most studies to be a key element
to reduce overall costs. In agreement with our results, on a Euro-
pean level, heat savings of 30e50% are found in Refs. [3,14,46].
Consistent with the presented results in our study, Kotzur et al. [47]
find in scenarios without gas supply only a minor increase of total
system costs of 3.65%.
4.2. General discussion
There are numerous other benefits of building renovation and
abandoning individual hybrid heat pumps with backup gas boilers
which are not considered in our study but have an impact on the
energy system composition. Renovated buildings lead for example
to a higher thermal comfort, noise reduction, reduced fuel poverty,
increased energy security due to lower consumption or additional
employment [48], which also can be seen as a post COVID stimulus
[49]. Renovation further improves the health of inhabitants as it
leads for example to lower mortality rates in winter, less cardio-
vascular and respiratory diseases and less depression [50e54].
These are all relevant aspects which could lead to higher rates of
renovation than those presented in our results.
There are equally other reasons for the abandonment of indi-
vidual hybrid heat pumps with backup gas boilers. First, some of
the methane is released during storage, transmission or burning in
the gas boilers [55,56]. Methane is an aggressive greenhouse gas
and high leakage rates would make the use of gas boilers unrea-
sonable from a climate protecting perspective. Second, the less
consumers using the gas network, costs for the remaining are
increasing, what could increase the number of households in fuel
poverty. Third, Korzacanin et al. [57] show that climate change
makes heat pumps more attractive compared to gas boilers. On the
one hand they do have a higher efficiency with higher ambient
temperatures. On the other hand, reduced space heat demand in-
creases the share of the hot water demand, which is constant over
the year. For a constant demand heat pumps are more suitable.
Finally, it simplifies the connection of new buildings, as they only
need to be connected to electricity and water.
4.3. Sensitivity analysis and limitations
See the Supplementary Information for a sensitivity analysis
concerning different weather years, costs, electricity grid expan-
sion, district heating share and sink temperature of heat pumps, as
well as a list of limitations of the model.
5. Conclusion
Decarbonisation of the heat sector is a challenging task, as
electrification makes both demand and supply dependent on
weather conditions. In this paper we discuss how to deal with the
impacts of strong seasonal space heating demand peaks in themost
cost-effective way. By modelling with hourly resolution for the
whole of Europe, we capture the critical events of simultaneous10high heat demand an low renewable feed-in. Unlike other models
that decouple supply from efficiency considerations, we have co-
optimised demand and supply side measures to explore the
competition between them in a sector-coupled European model
with net-zero CO2 emissions. All of the considered methods to
mitigate heating peaks, consisting of building renovation, thermal
energy storage (TES) and individual heat pumps with backup gas
boilers, lead to a reduction of the total system costs by up to 17%.
Their usage depends on the seasonal interaction between genera-
tion and heat demand.
Building renovations, which result in 44e51% space heat de-
mand savings, show the strongest effect on the reduction of total
costs with 14% cost savings. Individual gas boilers that are used as
back-up for heat pumps, can be completely removed in rural areas
with a minor cost increase of only 1e2% if the buildings are reno-
vated. TES on the one hand smooths out peak demands and on the
other hand enables a higher feed-in of variable generation. Overall
thermal supply with TES is larger because of storage losses, but
total system costs are reduced by at most 3%.
Through the thought experiment in which a constant heat
profile is assumed instead of a varying one, it is shown that up to
30% of the total costs are generated by heat peak demands. The
system optimumwith a constant heat profile has only an 8% saving
of heat demand compared to the correct peaked profile. This means
building renovation is mainly needed to manage those peaks and
not to reduce the total energy demand. Up to 75% of the energy
capacity of TES is used to mitigate peak demands while the
remaining part balances the variable generation.
In conclusion, demand peaks of space heating in a highly
renewable scenario may seem like an insurmountable challenge,
but in this paper we have shown that several strategies can be
combined to mitigate their cost impacts.
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Acronyms
BDEW: Bundesverband der Energie-undWasserwirtschaft
CHP: Combined heat and power plant
COP: Coefficient of Performance
COVID-19: Coronavirus disease 2019
DEA: Danish Energy Agency
ECMWF: European Centre for Medium-Range Weather Forecasts
EN: European Norm
EU: European Union
HELMETH: Integrated High-Temperature Electrolysis and Methanation for Effective
Power to Gas Conversion
IDEES: Integrated Database of the European Energy System
ISO: International Organization for Standardization
JRC: Joint Research Center
KKT: Karush-Kuhn-Tucker
NUTS: Nomenclature of Territorial Units for Statistics
OCGT: Open cyclic gas turbine
PV: Solar photovoltaics
PyPSA: Python for Power System Analysis
SMR: Steam methane reforming
TABULA: Typology Approach for Building Stock Energy Assessment
TES: Thermal energy storage (in form of water tanks)
V2G: Vehicle to Grid
